Experimental and theoretical studies of the behaviour of hydrocarbon species in d.c.-arc jet chemical vapour deposition reactors are reported, as a function of carbon source gas flow rate. CH(X) and C (a) radical number densities have been measured in 2 absorption (by cavity ring-down spectroscopy) and via their optical emission in an arc jet plume operating with a standard CH y 4 H yAr feedstock gas mixture. The C (a) radical number density is seen to exhibit a linear (or sub-linear) dependence on CH simplified model for carbon source gas incorporation into the free stream introduced in this work is shown to overestimate the C (a) density but to provide a very reasonable description of CH densities measured in the Bristol d.c.-arc jet, and to reproduce 2 well the C and CH radical absorbances and broadband absorbance at 248 nm reported in an expanding cascaded arc jet reactor operating with AryC H at Eindhoven University of Technology.
Introduction
Polycrystalline diamond and diamond-like carbon can be deposited in d.c.-arc jet chemical vapour deposition (CVD) reactors at exceptional growth rates G)100 mmyh w1-3x. The gas-phase plasma chemistry prevailing in mixtures of hydrocarbons, hydrogen and inert gases involves complex mechanisms including radical production and larger hydrocarbon (C H , C H ) formation E-mail address: ymankelevich@mics.msu.su (Y. Mankelevich).
gas temperature and flow velocities w4-6x and absolute and relative species concentrations for H, C, CH, CN, C , C and electrons w6-12x. Variations in radical 2 3 concentration have been studied as functions of operating parameters (e.g. input power, hydrocarbon flow rate), and both axial and radial position within the free plume, (using laser induced fluorescence w9x or inverse Abel transform reconstruction of optical emission measurements w2x). Radially averaged concentrations of CH and C radicals have recently been obtained using 2 another non-invasive laser method, cavity ring-down spectroscopy (CRDS) w11,12x. Chemical mechanisms have been proposed for the gas plume of a d.c.-arc jet w4,13-15x but, to our knowledge, these numerical models have not yet been able to explain various of the experimental observations and measurements. In particular, the measured linear (or fractional power) dependence of C w9,11x and C w9x number densities with 2 3
increasing CH flow rate still needs to be explained, 4 and the overall reaction mechanism requires extension to accommodate heavier species like C , higher hydro-3 carbons, and ions, in an internally consistent manner. The combined programme of experiment and modelling described in this article is designed as a first test of an extended plasma chemistry scheme and its related thermochemistry, and to provide a detailed interpretation of the available experimental data from various d.c.-arc jet CVD set-ups. Details of the 10 kW d.c.-arc jet reactor operated in Bristol with CH yH yAr mixtures 4 2 and the CRDS radical detection schemes have been presented elsewhere w11x. The experimental part of this study involves use of CRDS to provide absolute number density measurements of CH(X) and C (a) radicals as 2 a function of process conditions (e.g. CH flow rate and 4 input power). Results obtained in the free stream region of the gas plume sufficiently distant from the substrate to avoid perturbations from reflected gas (i.e. z)5 mm) are compared with output from the developed model. Here we describe a quasi one-dimensional (1-D) model of the free plasma plume. This model provides species densities as a function of distance from the nozzle and incorporates certain fitting parameters to accommodate two-dimensional (2-D) effects such as radial diffusion and recirculation. The numerical simulations highlight the need for full 2-D (r, z) model development. (typical flow rate of 10 slm Ar) in the N-torch of a twin torch assembly. A further 0.75 slm Ar is introduced through the smaller companion P-torch (not shown) and the input power to the discharge is typically ;6 kW. Gas pressures behind the nozzles (both of 0.38 cm diameter) are 4 bar for the primary flow and 3 bar for the secondary flow. These gas flows are mixed and undergo initial expansion in the intermediate chamber of the N-torch, prior to expansion into the main reaction chamber through the output nozzle (throat diameter ds 0.25 cm). The pressure P in the reaction chamber is maintained at 50 Torr. Methane is introduced into the AryH plasma through an annular injection ring posi-2 tioned 10 cm downstream from the output nozzle. A coordinate system is chosen in which the symmetry axis of the plume (with origin at the substrate) is the z axis. CRDS measurements are performed along an axis orthogonal to z, at different distances A from the substrate.
Model of d.c.-arc jet gas plume
The model aims to describe the plasma-chemical transformations within the gas as it evolves from the output nozzle, through the expansion region (LB in Fig.  1 ) and into the free plume region (BA), wherein the flow parameters (gas pressure and temperature, and axial velocities) remain essentially constant w4,10,11x, at least for pressures in the reaction chamber of 20-50 Torr. The axial gas velocity in the LB region initially increases to some supersonic velocity due to expansion and then, after shock wave formation, relaxes to the free plume velocity v . We recognise that the axial velocity p has a radial dependence w4x, and v hereafter refers to p the plume velocity averaged over its cross-sectional area. We also need to know how the pressure evolves from its (unmeasured) value P at the output nozzle to L the free plume pressure Ps50 Torr. The gas pressure P at the nozzle exit may be estimated using the known L total flow rate Qs13.2 slms220 sccs and assuming that the gas temperature, T , in this region is close to L the free plume temperature T s3200 K w11x. Using p flow conservation conditions, we obtain:
where v is the velocity at the exit of the output nozzle, L and the nozzle cross-sectional area Sspd y4. v will 2 L equal the local sound velocity c (c s10 cmys for our 5 s s conditions) if the pressure ratio of the high-and lowpressure regions exceeds a value of 2.1 w6x. Thus we obtain P s490 Torr and P yP;9.5 (i.e. )2.1).
L L
To compare the calculated results with the CRDS measurements at zsA we need an estimate of the residence time ts(ByA)yv . v is estimated as follows.
We assume an effective plume diameter Ds1.2 cm based on the earlier optical emission measurements which showed that a cylinder with diameter 1 cm incorporated )90% of the emitting C (d) radicals 2 w2,11x. Using the same flow conservation condition as above for the free plume with gas temperature T s3200 p K and pressure Ps50 Torr, we obtain v s3.4=10 4 p cmys and, consequently, a residence time ts0.38 ms for a typical ByA separation of 13 cm. Note that the length of the expansion region is much smaller (Ly B;0.5 D).
Another problem when constructing such a simplified model is how to introduce the carbon source gas into the reactive mixture. It is evident that during operation the whole reaction chamber, except for the near-hotplume region, is filled by a mixture comprising mainly stable species such as CH , Ar and H in proportions 4 2 close to their respective flow rates. Radial diffusion ensures that methane and molecular hydrogen are introduced into the hot plume along its entire length, save for the region of initial fast expansion near zsL. Methane injection is thus modelled via a CH source 4 term in the set of species conservation equations. The rate of this source is chosen so as to ensure that the ratio of carbon balance to argon density at zsA matches the input CH yAr flow rate ratio. This simplified 4 approach is an attempt to describe the much more complex real situation which must include a coaxial transition layer between the hot plume and the cold regions and allow for diffusional transfer of radicals into and from the hot plume. A 2-D (z, r) model designed to reproduce correctly the large temperature and species gradients in this transition layer is under development. The set of non-stationary conservation equations for species densities is integrated numerically to provide radially averaged species densities in the gas plume as a function of time or, equivalently, axial coordinate (z) if the gas velocity dynamics are known. Several chemical reaction mechanisms have been proposed to describe the gas plumes of d.c.-arc jet reactors w4,13-15x, but the necessary complex plasma chemistry and thermochemistry are still far from complete and need extension and validation. We have developed our own chemical mechanism combining four main blocks for species:
i. H, H , CH (ys0-4) and C H (ys1-6), taken 2 y 2 y from the GRI-Mech 3.0 mechanism w16x, ii. C H (ys3,4), C H (ys1-4) and C H from CH iii. C (X), C (a) and C H (ys0-2) w19-22x, (ii) and (iii) at several temperatures were taken from Refs. w18,20x and interpolated, but these assumed temperature dependences still need validation. As a result, the current reaction mechanism (blocks (ii), (iii) and key parts of block (iv)) and related rate coefficients are listed in Table 1 used here-irrespective of the assumed degree of ionisation at zsL. Thus, we conclude that quite significant changes in the d.c.-arc discharge input power will have but modest effects on the gas temperature and the degree of hydrogen dissociation in the intermediate region and thus on the various species concentrations in the reaction chamber.
Calculated results and CRDS measurements
Here we compare C (a) and CH(X) number densities 2 measured by CRDS in arc jet activated CH yH yAr the conversion of such radicals to higher C H (x)2)
x y species under the prevailing experimental conditions. Spatially resolved CRDS measurements of the absolute concentrations of both C (X) and C (a) radicals in the 2 2 d.c.-arc jet reactor are planned, which will provide a more stringent test of future 2-D models of the plasma plume. CH molecules incorporated into the hot plume Table 1 Reaction mechanism included in blocks (ii)-(iv) are the primary source of hydrocarbons, which then participate in a complex variety of reaction pathways. The dependence of the various C , C and C hydrocar- and C hydrocarbon groups such as:
CqC H|C qH (4)
CHqC H|C HqH (7)
The high C and H atom concentrations, and the high HyH ratio, predicted by the modelling studies (Fig. 3) 2 are all likely contributory factors to the high growth rates observed when using d.c.-arc jet reactors for diamond film growth. Building on the approach used in w25x, the growth rate G of (100) diamond from CH 3 radicals at typical substrate temperatures T s1200 K s can be expressed by the formula: factor of 1.6 and 7.5, respectively, to aid comparison with the calculated trend. Fig. 3 . Variation of the calculated C H species densities with added CH .
x y 4
Recognising that incorporation of C atoms into the growing film is more likely to be proportional to the formation rate of the free surface radical sites rather than site pairs as for CH incorporation w25x we estimate 3 the corresponding growth rate from C atoms for T s s 1200 K as y14 0.5 w x G(mmyh)s3.84=10 T C y(6.33 ns w x w x q0.00256 H y H )
2 and obtain Gs35 mmyh for our typical experimental conditions, i.e. a methane flow rate of 60 sccm and a gas temperature just above the substrate T ;4000 K ns w11x. Under these conditions, the carbon atom number density wCx is determined mainly by the equilibrium
and is thus proportional to the local CH number density and the wHxywH x ratio. The wHx and wH x densities in tioning between the two states at elevated temperatures, will favour a higher steady state concentration of C (a). Charge exchange reactions between Ar ions and C H q x y molecules, followed by the dissociative recombination of ions with electrons, constitute the primary radical source w3,12x. Fig. 4 displays the results of our model calculations along with experimentally measured C atom and CH radical absorbances, and a broadband absorption (BBA) monitored at 248 nm, each measured by CRDS as a function of C H flow rate, along an axis that intersects 2 2 the plasma axis at a point half way between the arc and the substrate holder (i.e. 30 cm from the nozzle) w26x. The measured trends in wCx and wCHx can be reproduced well by the model assuming a residence time of 1.3 ms and constant gas temperature of 1800 K, though we caution that the experimental measurables in both cases are absorbances and, without due allowance for different oscillator strengths of the various electronic transitions, do not represent either relative or absolute number densities. The experimental data have thus been scaled (vertically) so as to match the calculated number densities. The BBA, that extends from at least 248 nm up to 517 nm, has been attributed to various unknown hydrocarbons w12,26x. The model calculations summarised in Fig. 4 suggest that C H radicals may well be 3 important contributors to the BBA. sequences and thermochemical data developed in this study have allowed us to unravel details of the complex mechanisms whereby C , C and C hydrocarbon species 1 2 3 interconvert both within (by H-shifting reactions), and between, the respective C families. The high diamond x growth rates, G, achievable with d.c.-arc jet reactors are most likely attributable to the high C and H atom densities present in the plume, though we recognise that the predicted C concentrations are such that we cannot 2 exclude contributions from these species to film growth. of the Bristol d.c.-arc jet reactor (in which G;100 mmy h); we anticipate that wCx near the substrate will be several times higher still, as observed for the case of CH and C (a) radicals in this reactor w11x. Measured 2 C (a) and CH number densities (in the Bristol d.c.-arc 2 jet) and absorption by C atoms and CH radicals, and a BBA (monitored at 248 nm) attributed to unidentified higher hydrocarbons (in an argon expanding cascaded arc jet reactor at Eindhoven University of Technology), are reasonably described by the calculations which introduce a simplified approach for treating carbon source gas incorporation into the free stream.
Conclusions

